Background: FBXL5 is an iron-responsive E3 ubiquitin ligase. Results: FBXL5-null mice die during embryogenesis, whereas Fbxl5 heterozygotes perform better than wild type littermates when fed a low iron diet due to enhanced iron absorption. Conclusion: FBXL5 plays an essential role in the in vivo maintenance of cellular and systemic iron homeostasis. Significance: FBXL5 is an essential physiological iron sensor.
Maintenance of cellular iron homeostasis requires posttranscriptional regulation of iron metabolism genes by iron regulatory protein 2 (IRP2). The hemerythrin-like domain of F-box and leucine-rich repeat protein 5 (FBXL5)
, an E3 ubiquitin ligase subunit, senses iron and oxygen availability and facilitates IRP2 degradation in iron replete cells. Disruption of the ubiquitously expressed murine Fbxl5 gene results in a failure to sense increased cellular iron availability, accompanied by constitutive IRP2 accumulation and misexpression of IRP2 target genes. FBXL5-null mice die during embryogenesis, although viability is restored by simultaneous deletion of the IRP2, but not IRP1, gene. Mice containing a single functional Fbxl5 allele behave like their wild type littermates when fed an iron-sufficient diet. However, unlike wild type mice that manifest decreased hematocrit and hemoglobin levels when fed a low-iron diet, Fbxl5 heterozygotes maintain normal hematologic values due to increased iron absorption. The responsiveness of IRP2 to low iron is specifically enhanced in the duodena of the heterozygotes and is accompanied by increased expression of the divalent metal transporter-1. These results confirm the role of FBXL5 in the in vivo maintenance of cellular and systemic iron homeostasis and reveal a privileged role for the intestine in their regulation by virtue of its unique FBXL5 iron sensitivity.
Iron is widely employed throughout biology. Failure to maintain bioavailable iron concentrations within appropriate levels may result in deleterious consequences ranging from anemia to iron overload disease (1, 2) . IRPs 3 regulate the post-transcriptional expression of several iron metabolism genes upon binding iron responsive elements (IREs) within the 5Ј or 3Ј untranslated regions (UTRs) of their mRNAs in iron-depleted cells (3, 4) . For example, synthesis of the iron storage protein ferritin heavy chain 1 is reduced upon binding of IRPs to its 5Ј IRE (5) . Conversely, iron uptake is promoted by stabilization of the mRNAs encoding the iron import factors transferrin receptor 1 (TfR1) and DMT-1 upon IRP binding to IREs within their 3Ј UTRs (4, 6) . As iron bioavailability increases, IRPs lose their RNA binding capacity either through conformational changes resulting from the enhanced FeS cluster assembly within IRP1 (3) or enhanced proteasomal degradation of IRP2 (7) .
Selective degradation of IRP2 is preceded by its iron-dependent polyubiquitination via a Skp1/Cul1/Rbx1 (SCF) E3 ubiquitin ligase complex containing FBXL5 (8, 9) . FBXL5 contains an N-terminal hemerythrin-like domain characterized by a helical bundle held together by a di-iron center (8 -11) . When iron and oxygen are abundant, this domain resides in a compact conformation that masks a degron within the hemerythrin-like domain itself, promoting FBXL5 accumulation and subsequent IRP2 degradation (11, 12) . When low levels of bioavailable iron limit assembly of the di-iron center, the hemerythrin-like degron becomes accessible and FBXL5 is degraded by the proteasome (11) (12) (13) . These properties of the FBXL5 hemerythrinlike domain suggest that it is a key sensor of bioavailable ferrous iron within cells (14) . The importance of FBXL5 to the maintenance of cellular iron homeostasis was initially confirmed through siRNA-mediated knockdown of FBXL5 expression, which resulted in inappropriate stabilization of IRP2 in ironreplete cells (8) . Such cells aberrantly repress ferritin expression while promoting continued iron uptake through stabilization of the TfR1 mRNA (8, 9, 15) , exacerbating the metabolic stress of excessive iron.
To investigate the in vivo role for FBXL5 in the maintenance of iron homeostasis, we generated mice in which the Fbxl5 gene locus has been disrupted. FBXL5-null mice die during embryo-genesis due to unregulated IRP2 accumulation. Fbxl5 heterozygotes, although viable, exhibit an unexpected phenotype. Unlike their wild type littermates, these mice maintain their hematocrit and hemoglobin levels when challenged with a low iron diet. Here we show that although Fbxl5 heterozygosity has little apparent effect on the iron-responsive behavior of most tissues, iron absorption through the duodenum is substantially altered. These results suggest that the FBXL5-dependent iron sensitivity of the cells within the intestine is set differently from other cells in the body and, as a consequence, FBXL5 plays a previously unrecognized role in systemic iron homeostasis. Isolation, Culture, and Characterization of Mouse Embryonic Cells-Mouse embryonic cells were prepared as described (18) . Briefly, E8 embryos were digested with trypsin at 37°C for 30 min. Cells were cultured on a layer of mitotic inactivated mouse embryonic fibroblast feeder cells in Dulbecco's modified high glucose Eagle's medium (HyClone) supplemented with 20% fetal bovine serum (Atlanta Biological), 1ϫ nonessential amino acids (HyClone), 1ϫ penicillin and streptomycin (HyClone), 2 mM glutamine (HyClone), 55 M ␤-mercaptoethanol (Sigma), and 110 mg/liter of pyruvate (Hyclone). After 4 weeks, cells were grown without feeder cells and immortalized upon transfection of the SV40 large T antigen (pSV3-Neo, ATCC) with Lipofectamine 2000 (Invitrogen). Stably transfected cells were selected in the presence of 500 g/ml of G418.
EXPERIMENTAL PROCEDURES
Additional "Materials and Methods"-See supplemental "Materials and Methods" for supporting information.
RESULTS

FBXL5 Is
Ubiquitously Expressed-As all mammalian cells have a requirement for iron, yet are susceptible to damage when bioavailable iron accumulates, a bona fide cellular iron sensor should be ubiquitously expressed. FBXL5 mRNA levels were quantitated by quantitative PCR across panels of human and murine tissue extracts. As predicted, FBXL5 expression was detected in all samples with the highest relative levels present in the brain, particularly the metal-rich cerebellum (19) , eye, and testis (Fig. 1, A and B) . These same FBXL5 mRNA-abundant tissues also tend to express relatively high levels of IRP1 and IRP2 mRNAs (Fig. 1, A and B , and Ref. 20) . In the mouse, FBXL5 expression is high at embryonic day (E) 7.5 ( Fig. 1B) , suggesting a role in early embryogenesis, although its expression decreases as the embryo progresses through development (E11 and E15).
Mice Lacking a Functional FBXL5 Gene Die during Embryogenesis-Insertion of a gene-trapping (GT) vector downstream of the second exon of FBXL5 generated a disrupted allele (Fbxl5 GT ; Fig. 2 ). Progeny from mice containing one copy of this nonfunctional allele were genotyped at various developmental time points. Although wild type (Fbxl5
and homozygous null (Fbxl5
GT/GT ) embryos were initially observed in a Mendelian 1:2:1 ratio, no Fbxl5 GT/GT pups were born (Table 1 ). In the mixed genetic background of our mice, E9.5 Fbxl5
GT/GT embryos exhibited growth retardation as compared with wild type and heterozygous littermates (Fig. 3A) . Although developmentally delayed, histopathological analysis revealed that E9.5 Fbxl5 GT/GT embryos had undergone normal placentation (Fig. 3 , B and C), gastrulation, and cardiovascular development (Fig. 3D) . However, at E10.5 these embryos appeared very distorted and were completely absorbed by day E12.5.
Iron Metabolism Genes are Aberrantly Regulated in FBXL5
GT/GT Mouse Embryonic Cells-Given the proposed role of FBXL5 in mediating cellular iron homeostasis, we suspected that Fbxl5
GT/GT embryos would fail to properly regulate IREcontaining mRNAs. Due to the early embryonic lethality of the Fbxl5 GT/GT mice, we generated mouse embryonic cell lines from Fbxl5
, and Fbxl5 GT/GT embryos ( Fig. 4A ) harvested on day E8. Fbxl5 ϩ/ϩ and Fbxl5 ϩ/GT cells depleted of bioavailable iron with the metal chelator deferoxamine mesylate (DFO) strongly accumulate IRP2 compared with iron-replete cells incubated with ferric ammonium citrate. However,
Fbxl5
GT/GT cells aberrantly accumulate IRP2 under both conditions (Fig. 4C ). Total IRP1 protein levels remained constant under all conditions and in all cell types (Fig. 4C ). This inappropriately accumulated IRP2 is competent for IRE binding ( GT/GT cells exhibit increased TfR1 expression and decreased ferritin expression under iron replete conditions (Fig. 4 , B and C). An increase in iron uptake, coupled with a decrease in iron storage capacity, could result in the overaccumulation of iron accompanied by increased oxidative stress in these FBXL5-null cells.
To ascertain whether embryonic lethality was due to deregulated IRP2 expression, we crossed Fbxl5 ϩ/GT mice with IRP2 ; Fbxl5 ϩ/GT mice were crossed, no Irp1 Ϫ/Ϫ ; Fbxl5 GT/GT pups were observed at birth (Table 3) , despite the significant redundancy in IRP1 and IRP2 function (22, 23) . ϩ/GT mice manifest a non-overt iron-related phenotype(s), we challenged wild type and heterozygous mice with a low iron (5 ppm) diet and compared their results to mice weaned onto an iron-sufficient (50 ppm) diet (23, 24) . After 3 weeks ingesting the specified diets, complete blood counts and serum iron levels were determined. Wild type mice fed a low iron diet exhibited an expected 77% decrease in serum iron levels despite a compensatory 149% increase in the total iron binding capacity of transferrin (Table  4) . Consistent with the low dietary iron availability, wild type animals report significant reductions in hematocrit and hemoglobin levels, and a modest reduction in the number of red blood cells (RBC) ( Table 4 ). All measurements taken from Fbxl5 ϩ/GT mice fed an iron-sufficient (50 ppm) diet were indistinguishable from control Fbxl5 ϩ/ϩ mice. Even Fbxl5 ϩ/GT mice fed a low iron diet exhibit similar changes in serum iron and total iron binding capacity values to those of their wild type counterparts (Table 4) . However, this reduced iron availability does not result in any corresponding reductions in hematocrit, hemoglobin, or erythrocyte levels in the Fbxl5 heterozygotes (Table 4) . To guard against the possibility that this unexpected phenotype was due to the mixed genetic background of these mice, Fbxl5 ϩ/GT mice were backcrossed to 129 Sv/Ev mice to generate syngeneic Fbxl5 ϩ/GT mice. Just like their mixed background Fbxl5 ϩ/GT counterparts, syngeneic Fbxl5 ϩ/GT mice still maintained normal hematologic values when fed a low iron diet (Table 5 ). These data suggest that Fbxl5 ϩ/GT mice have altered their systemic iron homeostasis so as to make iron preferen- tially available to the erythroid compartment, irrespective of genetic background.
Iron Absorption and Systemic Distribution Are Altered in Fbxl5
ϩ/GT Mice Fed a Low Iron Diet-We hypothesized that the requisite iron needed to maintain normal hematocrit and hemoglobin values in Fbxl5 ϩ/GT mice could be made available either through depletion of iron stores or through increased intestinal absorption. The metal content of the liver, a major site of iron storage (4), was determined by inductively coupled plasma mass spectrometry (supplemental Fig. S1 and Fig. 5 ). As shown in Fig. 5 , total iron content in the liver was reduced in an equivalent amount in all mice fed the low iron diet for 3 weeks, providing no indication that additional iron was mobilized from Fbxl5 ϩ/GT liver stores. To determine whether Fbxl5 ϩ/GT mice are more efficient than wild type mice at absorbing limiting dietary iron, 59 Fe was directly introduced via gastric gavage into the stomachs of mice that had been fed a low iron diet for 3 weeks and the distribution of 59 Fe in various tissues was measured over time. After 1 h, almost 80-fold more 59 Fe was incorporated within the duodena of Fbxl5 ϩ/GT mice as compared with wild type animals (Fig.  6A ). This increased efficiency in intestinal uptake was accompanied by a corresponding 3-fold increase in serum 59 Fe levels (Fig. 6B) . The whole body distribution of 59 Fe is also markedly different in the Fbxl5 ϩ/GT mice, as this newly absorbed iron is made preferentially available to the spleen (Fig. 6C ) and the bone marrow (Fig. 6D, femur) for rapid incorporation into red blood cells (Fig. 6E) , rather than sites of storage (Fig. 6F, liver) .
Fbxl5 Heterozygosity Specifically Alters the Iron Responsiveness of the Duodenum-Although Fbxl5
ϩ/GT mice are indistinguishable from Fbxl5 ϩ/ϩ mice when fed an iron-sufficient diet, the heterozygous mice take up iron more efficiently when dietary availability is limiting. To determine the underlying cause of this difference, immunoblot analysis was used to examine the expression of iron metabolism genes. In wild type mice fed a low iron diet, intestinal iron absorption is typically promoted in multiple ways. At the cell autonomous level (25, 26) , IRP activity is induced within iron-depleted intestinal epithelial cells (supplemental Fig. S2 ), stabilizing an IRE-containing DMT-1 transcript (supplemental Table S1 ) and subsequently promoting iron uptake through increased DMT-1 expression (Fig. 7A) . At the same time, reduced serum iron levels attenuate hepcidin (HAMP) transcription in the liver (supplemental Table S1 ) (27) . A reduction in circulating hepcidin levels stabilizes the iron export protein ferroportin (Fig. 7A) to facilitate iron absorption through the intestine (27, 28) . In the Fbxl5 ϩ/GT animals, the systemic, ferroportin-dependent, response is identical to Fbxl5 ϩ/ϩ mice, both at the level of hepcidin expression in the liver (supplemental Table S1 ) and ferroportin accumulation in the duodenum (Fig. 7A) . However, the cell autonomous response to low iron is dramatically altered in the duodena of Fbxl5 ϩ/GT mice fed a low iron diet. IRP2 protein levels are 7-fold higher than in the corresponding wild type mice (Fig. 7A and supplemental Table S2 ). The accompanying 2-fold increase in IRP-binding activity (Fig. 7C ) mimics the 2-fold additional increase in the IRE-containing DMT-1 mRNA (but not the IREindependent DMT-1 mRNA isoform; supplemental Table S1 ) and DMT-1 protein levels ( Fig. 7A and supplemental A trapping vector containing a promoter-less neomycin (Neo) resistance cassette flanked by a splicing acceptor (SA) site and a polyadenylation signal sequence (pA) was inserted 3Ј of Fbxl5 exon 2. Utilization of the SA site generates a truncated FBXL5 mRNA transcript competent for Neo expression. The trapping vector also contains the first exon of the Bruton's tyrosine kinase (Btk) gene flanked by the PGK promoter sequence and a splicing donor site (SD). The resultant chimeric fusion transcript was used to generate a sequence tag of the trapped gene by 3Ј RACE. B, genotypic analysis by PCR using genomic DNA isolated from wild type mice (Fbxl5 ϩ/ϩ ), heterozygous mice (Fbxl5 ϩ/GT ), or FBXL5-null mice (Fbxl5 GT/GT ). 
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JANUARY 4, 2013 • VOLUME 288 • NUMBER 1 in the Fbxl5 ϩ/GT duodenum samples. Interestingly, this enhanced IRP responsiveness appears to be primarily limited to the intestine as the expression of iron metabolism genes was identical between wild type and heterozygous livers (Fig. 7B) , spleens, and brains (supplemental Tables S1 and S2) . Similar results were observed in syngeneic Fbxl5 ϩ/GT mice (supplemental Fig. S3 ). Interestingly, through Irp2 Ϫ/Ϫ ; Fbxl5 GT/GT mice are viable, the lack of FBXL5 was not sufficient to reverse the anemia that accompanies Irp2 deletion. 4 This result further supports a role for IRP2 in mediating the erythropoietic phenotypes observed in Fbxl5 heterozygotes.
DISCUSSION
FBXL5 plays a critical role in the maintenance of cellular iron homeostasis (8, 9 ). Here we show that previous in vitro findings extend to a required in vivo role for FBXL5. Global inactivation of the Fbxl5 gene results in embryonic lethality, with growth defects readily apparent prior to day E9 despite normal placentation, gastrulation, and cardiovascular development. Cells derived from FBXL5-null embryos are unable to sufficiently degrade IRP2 when incubated in the presence of excess iron and are apt to import iron that cannot be appropriately sequestered within the limiting amount of ferritin available. Using an independently generated Fbxl5 knock-out mouse, it was recently shown that FBXL5-null embryos accumulate excess ferrous iron and are exposed to damaging levels of oxidative stress (15) . Although many E3 ligases ubiquitinate multiple substrates (29) , simultaneous inactivation of both the Fbxl5 and Irp2 genes is sufficient to rescue embryonic lethality, also consistent with the prior report (15) .
Despite sharing Ͼ70% identity (30) , the mechanisms by which the IRE-binding activity of IRP1 and IRP2 are inactivated in iron-replete cells largely differ (31) . Both FBXL5-mediated degradation (8, 9) and IRE recognition of IRP1 are inactivated by iron upon insertion of an iron-sulfur cluster (31-33) , although the contribution of protein degradation to in vivo 
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IRP1 regulation is not completely understood (8, 9, 32, 34) . In extracts from both mouse embryonic cells and the duodenum, IRE binding by IRP1 is enhanced upon partial or complete FBXL5 inactivation (Fig. 4D) , even though total IRP1 protein accumulation remains relatively constant (Fig. 4C) . However, if only a small percentage of IRP1 protein were competent for RNA binding, as is the case in liver and perhaps other tissues (23, 32, 35) , significant changes in the accumulation of this apo form may be difficult to detect over the background of bulk holo-IRP1. Alternatively, iron-sulfur cluster assembly on IRP1 GT/GT mouse embryonic cells. A, mouse embryonic cells genotypes assessed by PCR assay (Fig. 2) . B, relative TfR1 mRNA accumulation measured by quantitative PCR (supplemental Table S3 ). Each column represents the average of three experiments Ϯ S.D. C, immunoblot analysis of IRPs and their targets (supplemental Table S4 ) from mouse embryonic cells treated with FAC and DFO. Actin levels were assessed as a loading control. D, assessment of RNA binding activity from mouse embryonic cells treated with ferric ammonium citrate (FAC) or deferoxamine mesylate (DFO). may be compromised in FBXL5-deficient cells as a result of increased oxidative stress (31, 36) or some other mechanism.
Nevertheless, although IRP1 and IRP2 are thought to bind many of the same mRNA targets in vivo and are thought to be largely redundant (16, 17, 22, 23, 37) , simultaneous inactivation of the IRP1 gene product did not rescue the embryonic lethality in FXBL5-null mice (Table 3) . If rescue of embryonic lethality upon IRP2 ablation were solely due to a reduction in total IREbinding capacity, IRP1 inactivation might have been expected to result in similar compensatory changes given that IRP1 and IRP2 have comparable RNA binding capacities in both the mouse embryonic cells and duodenum. Although indicating that IRP1 and IRP2 have distinct physiological roles, these results cannot distinguish between possible underlying mechanisms including IRP2-selective IRE targets (38) , differences in temporal and spatial expression patterns (Fig. 1) , or differential IRP responsiveness in the context of stresses such as hypoxia (39) .
In addition to the similar results observed upon global FBXL5 inactivation, Moroishi and colleagues (15) also constructed a mouse model in which FBXL5 was selectively ablated in the liver. Although viable, these mice exhibited both cellautonomous effects, including hallmarks of liver damage, and systemic effects, consisting of increased serum iron levels likely due to decreased hepcidin expression in the liver. When challenged with a high iron diet, severe iron overload was restricted to the liver and proved fatal within a day (15) . In this context, the distinct phenotype we observed with the heterozygous Fbxl5 ϩ/GT mice was of particular interest in at least two key respects: 1) the phenotype was manifested with a low iron diet and 2) the phenotype suggests that the intestine has distinct iron-sensing characteristics that may underlie a more privileged role in the maintenance of systemic iron homeostasis in response to iron deficiency than previously appreciated. ؉/GT mice display a heightened responsiveness to a low iron diet. Immunoblot analysis of IRP2 and its targets DMT1, TfR1, ferroportin (FPN1), and ferritin heavy chain 1 (FTH1) in the duodenum (A) and liver (B) of FBXL5 ϩ/ϩ and FBXL5 ϩ/GT mice fed either an iron-sufficient (S; 50 ppm) or low (L; 5 ppm) iron diet for 3 weeks. Actin levels were assessed as a loading control. Quantitation is provided in supplemental Table S2 .
Fbxl5 heterozygosity had no observed effect on the behavior of most tissues we examined, including the liver, either from animals fed a low iron (5 ppm) or iron-sufficient (50 ppm) diet ( Fig. 7B and supplemental Table S2 ). We also saw no difference in animals fed standard chow that contains excess iron (250 ppm, data not shown), 5 although it remains possible that new phenotypes could emerge in the Fbxl5 ϩ/GT mice when challenged with supraphysiological dietary iron. Nevertheless, Fbxl5 ϩ/GT mice fed a low iron diet were more effective than their wild type littermates at absorbing iron and maintaining hematocrit and hemoglobin levels, despite no differences in the expression levels of traditional systemic regulators of iron mobilization (liver hepcidin) or erythropoiesis (renal erythropoietin) (supplemental Table S1 ). These systemic adaptations were mirrored by corresponding changes in gene expression within the duodenum, including increased induction of IRP2 protein levels, IRE-binding capacity, and DMT-1 expression (Fig. 7 , A and C, and supplemental Table S1 ). TfR1 also contains IREs within its 3Ј UTR (40) and likewise accumulates in the intestines of the Fbxl5 ϩ/GT mice fed the low iron diet (Fig. 7A  and supplemental Table S1 ), although the relevance of this observation is unclear as TfR1 is not responsible for iron uptake from the lumen. Because IRP2 levels are normal in mice fed an iron-sufficient diet (Fig. 7A) , there does not appear to be an overall diminished capacity for IRP degradation. Rather, the intestines of these heterozygotes are responding as though they were further iron-deficient than their wild type counterparts. Despite sharing this same FBXL5 iron-sensor, the iron "set point" of the duodenum appears distinct from most other tissues. Importantly, these characteristics were observed in mice having either isogenic (Table 5 and supplemental Fig. S3 ) or mixed genetic backgrounds.
Although the serum values in Table 4 reflect steady-state measurements, the flux measurements in Fig. 6 clearly show preferential targeting of serum iron to the erythron. It remains unclear as to whether the liver "refuses" iron or whether the erythron is more effective in its capture. Immature RBC have much higher TfR1 levels than hepatocytes (41) , and it remains possible that iron homeostasis is also altered in erythropoietic tissues to further facilitate uptake of absorbed iron, although we detected no comparable changes in gene expression in the spleen (supplemental Tables S1 and S2) .
These results validate an important physiological role for the iron-sensing FBXL5 protein in the regulation of IRPs and maintenance of both cellular and systemic iron homeostasis. Cells lacking FBXL5 expression fail to recognize their metabolic iron status and continuously accumulate toxic levels of bioavailable iron in an unregulated fashion. The damage incurred in ironreplete livers lacking FBXL5 suggests that it may be a genetic modifier of hemochromatosis (15) . FBXL5 also plays a role in establishing IRP responsiveness even when iron is limiting, as revealed by the altered behavior of the duodenum in Fbxl5 heterozygotes. Because these mice maintain normal hematocrit and hemoglobin levels, a partial inhibition of FBXL5 expression may also have physiological benefits, as iron deficiency is the most common nutritional disorder worldwide (2) . Last, as revealed upon FBXL5 depletion, the intestine has iron-responsive characteristics distinct from those of other tissues, conferring the capacity to influence systemic iron homeostasis in a previously unappreciated manner. It will be of great interest to investigate those responsible factors that work in conjunction with the FBXL5 iron sensor to establish the homeostatic iron set point in different cell types.
